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Abstract 
Twisted bilayer graphene (tBLG) provides us with a large rotational freedom to 
explore new physics and novel device applications, but many of its basic 
properties remain unresolved. Here we report the synthesis and systematic Raman 
study of tBLG. Chemical vapor deposition was used to synthesize hexagon-
shaped tBLG with a rotation angle that can be conveniently determined by 
relative edge misalignment. Superlattice structures are revealed by the observation 
of two distinctive Raman features: folded optical phonons and enhanced intensity 
of the 2D-band. Both signatures are strongly correlated with G-line resonance, 
rotation angle and laser excitation energy. The frequency of folded phonons 
decreases with the increase of the rotation angle due to increasing size of the 
reduced Brillouin zone (rBZ) and the zone folding of transverse optic (TO) 
phonons to the rBZ of superlattices. The anomalous enhancement of 2D-band 
intensity is ascribed to the constructive quantum interference between two Raman 
paths enabled by a near-degenerate Dirac cone. The fabrication and Raman 
identification of superlattices pave the way for further basic study and new 
applications of tBLG. 
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One-dimensional superlattices typically consist of periodic alternation of two or more chemically 
distinctive material layers
1
. Graphene, a single-atom layer with a hexagonal lattice has provided 
us an opportunity to create new two-dimensional superlattices by stacking one layer on the top of 
the other
2
. Such bilayer graphene superlattices (BLGS) have attracted considerable attention 
because of the tunability of interlayer coupling and band structure resulting from the freedom of 
relative rotation
2-11
. While band structures of BLGS, in particular, at several commensurate 
rotation angles have been calculated by many groups
4-7, 9, 11-14
, a comprehensive experimental 
confirmation of BLGS is still missing. Recent observations of G-line Raman resonance in 
twisted bilayer graphene (tBLG) with small rotation angles (< 16º) revealed the rotation-
dependent electronic band structures
9, 12, 13, 15
, but such resonances can also be explained by the 
continuum model
13
, which neglects the underlying superlattice structure and treats the band 
structure of tBLG as a superposition of rotated Dirac cones. Other groups reported Raman 
observation of new phonon modes indicative of bilayer superlattice structures
16-18
, however, 
neither the relationship among these phonons, nor their relationship with the electronic band 
structure and G-line resonance of bilayer graphene is clearly established yet.  
 
In this work we report the observation of new Raman features and their strong, systematic 
correlation with the crystal and electronic band structure of tBLG. A comprehensive picture of 
electronic and vibrational properties of tBLG was obtained by utilizing our unique bilayer 
samples and by our extensive Raman study that makes use of six laser lines covering a wide 
spectrum from near-infrared to UV. The G-line resonances were observed for the first time in 
tBLG with rotation angles larger than 20º using the 364-nm laser line. A rotation-dependent new 
folded phonon was observed in all the samples. This new phonon has a lower frequency than the 
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G-line, and it can only be observed when the laser is tuned with the G resonance. Finally, a 
nearly four-fold increase in the 2D-band Raman intensity is observed when the laser is tuned 
below the G-line resonance. These correlated Raman spectra of G-line, 2D-band, and folded 
phonons reveal the underlying superlattice structure of tBLG. As synthesis using chemical vapor 
deposition (CVD) and Raman characterization of single-layer graphene have played an 
enormous role in rapidly advancing graphene research
19-21
, our Raman identification of BLGS 
and CVD synthesis of isolated tBLG has enabled future research beyond single-layer graphene. 
 
Twisted bilayer graphene was grown on Cu foils by CVD at ambient pressure in a quartz tube 
furnace
22
. The conditions are similar to what we used for single-layer graphene
21, 23
, except that a 
larger flow rate of CH4 was used to facilitate the growth of bilayer graphene. Figures 1a–d show 
examples of bilayer graphene islands that consist of two graphene hexagons stacked on each 
other. It can be seen that two layers can have relative rotation angles from 0 to nearly 30 degrees. 
The lattice rotation is confirmed by investigations of transmission electron microscopy (TEM) 
and scanning tunneling microscopy (STM), by which electron diffraction and lattice Moiré 
patterns can be seen in SF. 1 and 2 of the supporting online material. The effect of lattice rotation 
on the electronic band structure is also revealed by the STM observation of Van Hove 
singularities (VHS, see SF. 3)
24
. One important advantage of such bilayer graphene structures 
compared to those previously reported is that the relative edge misorientation of two hexagons 
represents their actual lattice rotation. This conclusion is obtained by comparing low-energy 
electron diffraction (LEED) with low-energy electron microscopy (LEEM) from the same region 
of graphene
22
. In the case of two domains contained in one hexagon, as shown in Fig. 1e and SF. 
3b, the lattice rotation can still be determined from the misorientation between two neighboring 
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edges. For instance, the smaller hexagon in Fig. 1e contains two domains delineated 
approximately by the dashed red line: the right domain has an AB-stacking with the larger 
hexagon, while the left domain has a ~13º relative rotation. This observation is also confirmed by 
Raman mapping as shown in Fig. 1f. The relationship between edge misorientation and lattice 
rotation has facilitated the identification of tBLG, where rotation angles in this work are all based 
on the average edge misorientations of available edges between two hexagons without further 
confirmation of LEED. Similar stacked graphene hexagons were reported before, but their lattice 
rotation was not verified with direct lattice imaging techniques such as TEM, STM or LEED
25
.  
 
As expected, such tBLG as shown in Fig. 1e should exhibit a strong G-line resonance when 
excited by a 532-nm laser
13, 15
. This prediction is confirmed by Fig. 1g, which shows Raman 
spectra from the single-layer and double-layer regions marked by a blue dot and a white dot, 
respectively. The dependence of G-line intensity on five different laser wavelengths shown in 
figures 1h–i further confirms the G-line Raman resonance near 532 nm, in agreement with 
previous observations and calculations
13, 15
. The 2D-band also shows an expected behavior: its 
intensity drops as the laser increases to higher excitation energies above the G-line resonance
15
.  
 
Despite these seemingly familiar behaviors for G-line and 2D-band, careful inspection reveals 
new Raman features not reported before. First, a new Raman peak appears at 1489 cm
-1
 from the 
bilayer region. As can be seen in Fig. 1g, this Raman line is weak in intensity compared to the G-
line of bilayer graphene, but it is comparable with the G-line of single-layer graphene. Raman 
spectra at five laser wavelengths in Fig. 1h show that this new line shares the same resonant 
behavior as the G-line: it is too weak to be observed when there is no G-line resonance under 
6 
 
638- or 458-nm laser lines. This new peak also shows no dispersion: its frequency is independent 
of the laser excitation energy. In addition, the bilayer 2D-band Raman intensity becomes more 
than doubled compared to that of single-layer graphene at the long wavelength of 638 nm, for 
which there is no G resonance.  
 
Such a nondispersive new Raman peak is ubiquitous, and always observed whenever there is a 
G-line resonance. SF. 4 shows their Raman spectra in three different bilayer graphene structures 
with rotation angles of ~9°, ~11°, and ~16°. As anticipated, the position of G-line resonance 
shifts accordingly. Again, the same strong correlation between new Raman peaks and G-line is 
observed. However, unlike the G-line, the frequency of the new Raman line is strongly 
dependent on the rotation angle: its frequency decreases when the rotation angle increases. As 
we discuss later, these are the signatures of folded phonons in bilayer graphene superlattices. 
These folded phonons are very different from those reported before in many ways
16-18
. They 
appear in different frequency ranges, and also exhibit a unique resonant behavior with respect to 
the G-line and excitation energy. 
 
The observation of more than two-fold enhancement in 2D-band intensity is also a general 
phenomenon provided that laser excitation energy is tuned below the G resonance. This 
observation can be best illustrated in a tBLG with such a large rotation angle that none of the 
visible laser lines meets the energy for G resonance. Such a tBLG with a rotation angle of ~25.6° 
is shown in the inset of Fig. 2a. Raman spectra in the same figure at 638-nm laser excitation 
show that the 2D-band intensity increases by more than four times. Figure 2b shows two other 
examples where enhanced 2D-bands are observed at 532 nm. The relatively smaller 2D-band 
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enhancement for the tBLG with 15.9º rotation angle is due to the fact that the 532-nm laser 
comes closer to its G-line resonance excitation energy. Figure 2c shows the bilayer to single-
layer intensity ratios for G-line and 2D-band at the five visible laser lines. The ratios become 
smaller as the excitation energy increases, but the 2D-band always increases more in intensity 
than the G line. As a comparison, for bilayer graphene made from simple mechanical stacking as 
shown in SF. 5, the 2D-band intensity of bilayer graphene is approximately twice that observed 
in single-layer graphene.  
 
According to previous calculations, G-line resonance should be observed even for tBLG with a 
large rotation angle if the excitation energy is tuned high enough
13, 15
. This prediction is verified 
when a 364-nm UV laser was used.  Figure 2d shows a more than 30 times enhancement in G-
line intensity when the same 25.6º sample was excited by the UV line. It should be noted that 
UV lasers were used in the observation of phonons in twisted bilayer graphene
17, 18
, but this is 
the first time that G-line resonance is observed. Similar to the spectral transition in 2D Raman 
shown in Fig. 1i, the integrated intensity of 2D-band becomes weaker under UV excitation. But 
where is the folded phonon? We show that the strong Raman peak near D-line position is 
actually the folded phonon.  
 
This assignment of the folded phonon is based on the following observations. First, the position 
of this peak is dependent on the rotation angle of tBLG. Figures 3a–c show a series of UV 
Raman spectra in six different samples including two in Fig. 2b. It can be seen that the peak 
positions of 2D-band remain almost the same, but a large shift in the positions of Raman peaks 
near the D-line is observed. According to the relationship between D-line and 2D-band, the 
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Raman shift of the D-line is simply half the Raman shift of the 2D-band. Thus, the strong Raman 
near D-line cannot be the usual D-line as observed by visible laser lines. Second, as before, such 
strong Raman peaks near D-line are only observed when there is G-line resonance. This is 
supported by all six samples shown in Fig. 3a–c. Because the 15.9º sample exhibits no G-line 
enhancement, there is no observable peak near the usual D-line. The other five samples show 
different degrees of G enhancement from 5 to 20 times. Unlike Raman with visible laser lines, 
the UV Raman D-line is very weak: the relatively strong D-line in single-layer graphene shown 
in Fig. 2d is due to the defects created by UV exposure during the Raman
26
. The dependence of 
observed phonon frequencies on the rotation angle is plotted in Fig. 3d. A general trend can be 
observed: a larger rotation angle leads to a lower phonon frequency.  
 
The above observations of folded phonon modes and enhanced 2D-band, as well as their 
relationships with rotation angle and excitation energy, have revealed new information on the 
band structure of tBLG. Previously, two different models were developed to explain the G-line 
resonance: rotated Dirac cones and band structure of commensurate bilayer graphene
12, 13, 15
. Our 
observation of G resonance and VHS can be understood using either model, but the theory of 
rotated Dirac cones cannot account for the observed new Raman features. Because rotated Dirac 
cone theory assumes two nearly independent graphene layers in tBLG, the intensity of 2D-band 
in tBLG is simply twice that of single-layer graphene, as is shown in the calculated curve in Ref. 
15, when the laser energy is tuned below the G-line resonance. More importantly, such a 
continuum model ignores the rotation-dependent superlattice structure, which is necessary for the 
emergence of folded phonons. As we discuss below, the folded phonon modes and enhanced 2D-
band Raman are clear manifestation of the superlattice nature of twisted bilayer graphene.  
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Folded phonons are frequently observed in 1-D superlattices
1, 27
. The frequency of folded 
phonons can be estimated by zone folding of the initial phonon dispersion curve into the rBZ of 
the superlattices. Conversely, the character of folded phonon is an important measure of the 
quality of superlattice structure
1
. Figure 4a marks the positions of observed phonons on the 
transverse optical (TO) phonon curve along the Г-K direction. The phonon at the Г-point 
produces the well-known G-line line, which has the highest frequency. As crystal momentum 
increases, the phonon frequency decreases. Important features of these phonons can be 
understood from this dispersion curve without involving rigorous numerical calculation. As 
observed folded phonons fall in the frequency range of the TO phonon branch in the first BZ, 
their frequencies can be obtained through zone folding of monolayer TO phonons to the rBZ, 
possibly along a direction different from Г-K due to the 2-D nature of bilayer superlattices. 
Because the size of the rBZ in general becomes larger for tBLG with a larger rotation angle, so 
does the crystal momentum of the folded phonon. Based on the TO phonon dispersion in Fig. 4a, 
the frequency of folded phonons should become smaller for a superlattice with a larger rotation 
angle. 
 
Following the same zone-folding principle used in estimating phonon frequency in 1-D 
superlattices
1, 27
, we can obtain the positions of folded phonons in 2-D graphene superlattices. 
Figure 4b shows BZs of single-layer graphene and rBZ of the bilayer superlattice with a rotation 
angle of 13.2°. Also shown are two sets of six-fold reciprocal lattices A and B of the superlattice. 
It is the position of these reciprocal lattices that determine the frequency of folded phonons. This 
can be understood in the following two ways, using reciprocal lattice A as an example. When TO 
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dispersion in the larger BZ of single-layer graphene is mapped into the reduced BZ of the 
superlattice, A will be mapped to the Г-point of the BZ, and becomes Г-point optical phonons 
that can be probed by Raman scattering. Another way to say this is that with the assistance of 
crystal momentum Г-A, the phonon at A is able to be accessed by Raman. Based on the six-fold 
symmetry, phonons at six reciprocal lattices equivalent to lattice A will have the same frequency. 
Its frequency can be estimated as follows if we neglect the dispersion warping of TO dispersion 
along different directions. Because the length of Г-A is ~ 0.4 × Г-K, a frequency of ~ 1480 cm-1 
is obtained, which is very close to
 
the observed frequency of ~1489 cm
-1
. 
 
The rotation-dependent lattice structure has a strong effect on the 2D-band Raman as well. This 
is because 2D-band is a result of the double-resonance Raman process: its characteristic directly 
reflects the underlying electronic band structure of the superlattice. Band structure of bilayer 
superlattices have been calculated by many groups, especially for tBLG with commensurate 
angles such as 13.2°
4-7, 9, 11-14
. Because of the symmetry, the band structure of BLGS is still 
characterized by the reduced BZ, as shown in Fig. 4b. Although band structures of tBLG vary 
from one rotation angle to the other, they share many similar features. The Dirac band is two-
fold degenerate from the Dirac point Γ up to the M-point of the reduced BZ, where the Dirac 
band begins to split
4-7, 9, 11-14
. It is important to note that the Dirac band is not perfectly 
degenerate: there is a finite gap between two Dirac bands. The size of the gap depends on 
interlayer coupling: a larger interaction leads to a larger gap
11
. It was calculated that interlayer 
coupling is related to the size of the superlattice cell: larger cells result in a weaker interlayer 
coupling. In any case, the splitting between two bands is more than 10 times smaller than the gap 
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in AB-stacking graphene. It is this nearly degenerate Dirac band that is responsible for the 
enhanced 2D Raman
11
.  
 
Following the same procedure described in Ref. 19 for Raman scattering in AB-stacking 
graphene, we can construct four similar double-resonance Raman paths for the 2D-band. Figure 
5 shows the schematic of Dirac bands along the K-M direction and four Raman paths associated 
with two major optical absorptions
19
. Let’s focus on two Raman paths in Fig. 5a and discuss the 
consequence of degenerate band on the Raman intensity. The two Raman paths A→B→D and 
A→C→D are degenerate because of the degeneracy of two bands at B and C. The total Raman 
intensity is proportional to the modular square of the total amplitude |A→B→D + A→C→D|2, 
which is twice the sum of |A→B→D|2 and |A→C→D|2 assuming two paths have the same 
Raman amplitude. This explains why 2D-band intensity in BLGS is nearly twice the total 
intensity of two independent monolayer graphenes, or four times that of single-layer graphene. 
As can be seen, this enhancement is purely due to quantum interference between two paths.  
 
It is important to point out that it is the finite interlayer coupling and finite gap between Dirac 
bands that makes it possible to observe such quantum interference between two Raman paths. 
For a large gap, as in AB-stacking bilayer graphene, peaks from such two Raman paths can be 
well resolved, and two Raman paths are distinguishable, so there is no such quantum 
interference. Nor does it happen if two bands are perfectly degenerate. This can be understood in 
the following way: if two bands are completely degenerate, then there will be no interlayer 
coupling, meaning that two graphene layers are independent from each other. The Raman 
intensity of any lines should then be a simple sum of Raman intensity from the individual layers, 
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or twice the Raman intensity of a single layer as shown in SF. 5. On the other hand, if there is no 
interlayer coupling, two bands shown in Fig. 5 are simply the bands of individual single-layer 
graphene folded into the rBZ. The Raman path A→C→D will then be missing because interband 
transition from A to C is not allowed any more.  
 
Experimentally, the gap between two Dirac bands is too small to be resolved by Raman 
spectroscopy, and the 2D-band lineshape in tBLG is almost indistinguishable from that of single-
layer graphene. Such monolayer-like 2D-band has been observed in tBLG and turbostratic 
graphene
12, 13, 15
. On one hand, such observation validates our assumption of the quantum 
interference between two indistinguishable Raman paths. On the other hand, it has led many 
people to believe that this 2D-band originates from single-layer graphene on the basis of either 
rotated Dirac cones or degenerate Dirac bands. Despite such theoretical understandings, the 
enhanced 2D-band has been frequently observed in those previous Raman studies
12, 13, 15
. Again, 
such intensity enhancement can only be observed when the laser energy is tuned below the G 
resonance. When the laser energy increases above the energy for G-resonance, the Raman 
contribution from the inner loop will be lost, resulting in a significant drop in 2D-band Raman 
intensity
28
.  
 
According to the zone folding shown in Fig. 4b, two different phonon modes are expected from 
reciprocal lattices A and B, but a lower-frequency phonon at B has not been observed. This is the 
case for all of the samples we have measured. We believe the following reasons explain why 
only the phonon with the highest frequency is observed, although an exact mechanism is still 
under investigation. Let’s take the 13.2º tBLG as an example. First, the crystal momentum Γ-A is 
13 
 
the fundamental reciprocal lattice vector of the superlattice, while Γ-B represents a higher-order 
crystal momentum. Raman scattering is typically much stronger for processes involving the 
fundamental mode than the higher order modes. Second, the phonon Γ-A is closer in energy to 
the G-line compared with the folded phonon Γ-B. The Γ-A phonon is thus more likely to be 
resonantly excited when the resonance condition for the G-line is satisfied.  
 
Mathematically, a perfect bilayer graphene superlattice requires that two sub-lattices of single-
layer graphene be commensurate. Such a condition can only be satisfied by a small set of 
discrete angles, which include 13.2º and 27.8º. A slight deviation from these commensurate 
angles, especially from the large angle of 27.8º, will make a bilayer graphene lattice either non-
periodic or a new superlattice with a much larger lattice constant. Accordingly, either there is no 
folded phonon, or a folded phonon with a very different frequency. However, such a scenario 
does not agree with our observation. As can be seen in Fig. 3d, the frequency of folded phonons 
decreases gradually without abrupt fluctuation near the large rotation angle of 26º. This 
observation leads us to conclude that a tBLG without an exact commensurate rotation angle can 
be approximated as a superlattice that is commensurate and has the smallest size of supercell.  
For a small rotation angle, the length of the reciprocal lattice of the superlattice can be expressed 
as    )
2
sin(
3
8
)(


a
q  ,    where θ is the rotation angle, and a is the lattice constant of 
monolayer graphene. q(θ) becomes the reciprocal lattice of original monolayer graphene when θ 
approaches 60º. This equation represents the reciprocal lattice of the superlattice with the 
smallest possible supercell for a given rotation angle. For a small rotation angle of less than 10 
degrees, it is easy to find such a commensurate supercell within a small range of rotation angles. 
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Because of this, the equation can be used to estimate the frequency of folded phonons based on 
the TO dispersion shown in Fig. 4a. In this sense, the continuum model can still be used to 
estimate the phonon frequency of the superlattice. This method of estimation breaks down for 
large rotation angles. In the limit of the largest rotation angle of 30º, q(θ) approaches Γ-K, 
implying that the folded phonon shows a frequency at the K-point of ~1220 cm
-1
. Clearly, this is 
not the case for our observation. It is well known that there is no such superlattice at a rotation of 
30º; furthermore, the superlattice with the closest rotation angle and the smallest supercell 
happens at the rotation of 27.8º
11
. The frequency of folded phonons at such a rotation angle can 
still be estimated from the method shown in Fig. 4b.  
 
It was speculated by the continuum model that the interlayer coupling becomes negligible for a 
tBLG with a large rotation angle 
3
. But our observations indicate that this is not the case: a G-line 
resonance and a relatively strong folded phonon are observed for large-angle twisted graphene. 
This observation agrees with the calculation based on a graphene superlattice, and it is a result of 
a smaller size of unit cell of the superlattice for larger rotation angles 
11
. The fact that both G-line 
resonance and folded phonons are observed for any studied bilayer graphene islands implies that 
tBLG synthesized by CVD always takes the most stable near-perfect lattice configuration with 
the smallest lattice constant, which is supported by a continuous decrease of folded phonon 
frequency as the rotation angle increases.  
 
In conclusion, we synthesized isolated bilayer graphene hexagons and identified their 
superlattice structures using TEM, STM, LEED, LEEM, and Raman scattering. We obtained 
comprehensive and unique Raman signatures of superlattices, and correlated them with the 
15 
 
electronic band structure of bilayer superlattices. Such Raman characterization provides a solid 
basis for further understanding and exploring rich physics and other unique properties of bilayer 
graphene. Single-layer graphene, a one-atom-thick two-dimensional lattice, thus provides us a 
new building block to engineer new two-dimensional structures with tunable properties.  
 
References and notes 
 
 
1. B. Jusserand & Cardona, M. (eds.) Light Scattering in Solids V, Vol. 66. (Springer, 
Berlin; 1989). 
2. MacDonald, A.H. & Bistritzer, R. Materials Science: Graphene moire mystery solved? 
Nature 474, 453-454 (2011). 
3. dos Santos, J., Peres, N.M.R. & Castro, A.H. Graphene bilayer with a twist: Electronic 
structure. Phys. Rev. Lett. 99, 256802 (2007). 
4. Latil, S., Meunier, V. & Henrard, L. Massless fermions in multilayer graphitic systems 
with misoriented layers: Ab initio calculations and experimental fingerprints. Phys. Rev. 
B 76, 201402 (2007). 
5. de Laissardiere, G.T., Mayou, D. & Magaud, L. Localization of Dirac Electrons in 
Rotated Graphene Bilayers. Nano Lett. 10, 804-808 (2010). 
6. Bistritzer, R. & MacDonald, A.H. Moire bands in twisted double-layer graphene. Proc. 
Natl. Acad. Sci. U. S. A. 108, 12233-12237 (2011). 
7. Mele, E.J. Commensuration and interlayer coherence in twisted bilayer graphene. Phys. 
Rev. B 81, 161405 (2010). 
8. Luican, A. et al. Single-Layer Behavior and Its Breakdown in Twisted Graphene Layers. 
Phys. Rev. Lett. 106, 126802 (2011). 
9. Sato, K., Saito, R., Cong, C.X., Yu, T. & Dresselhaus, M.S. Zone folding effect in Raman 
G-band intensity of twisted bilayer graphene. Phys. Rev. B 86, 125414 (2012). 
10. Hicks, J. et al. Symmetry breaking in commensurate graphene rotational stacking: 
Comparison of theory and experiment. Phys. Rev. B 83, 205403 (2011). 
11. Shallcross, S., Sharma, S., Kandelaki, E. & Pankratov, O.A. Electronic structure of 
turbostratic graphene. Phys. Rev. B 81, 165105 (2010). 
12. Ni, Z.H. et al. G-band Raman double resonance in twisted bilayer graphene: Evidence of 
band splitting and folding. Phys. Rev. B 80, 125404 (2009). 
13. Havener, R.W., Zhuang, H.L., Brown, L., Hennig, R.G. & Park, J. Angle-Resolved 
Raman Imaging of Inter layer Rotations and Interactions in Twisted Bilayer Graphene. 
Nano Lett. 12, 3162-3167 (2012). 
14. Hass, J. et al. Why multilayer graphene on 4H-SiC(000(1)over-bar) behaves like a single 
sheet of graphene. Phys. Rev. Lett. 100, 125504 (2008). 
15. Kim, K. et al. Raman Spectroscopy Study of Rotated Double-Layer Graphene: 
Misorientation-Angle Dependence of Electronic Structure. Phys. Rev. Lett. 108, 246103 
(2012). 
16 
 
16. Carozo, V. et al. Raman Signature of Graphene Superlattices. Nano Lett. 11, 4527-4534 
(2011). 
17. Righi, A. et al. Graphene Moire patterns observed by umklapp double-resonance Raman 
scattering. Phys. Rev. B 84, 241409 (2011). 
18. Gupta, A.K., Tang, Y.J., Crespi, V.H. & Eklund, P.C. Nondispersive Raman D band 
activated by well-ordered interlayer interactions in rotationally stacked bilayer graphene. 
Phys. Rev. B 82, 241406 (2010). 
19. Ferrari, A.C. et al. Raman spectrum of graphene and graphene layers. Phys. Rev. Lett. 97, 
187401 (2006). 
20. Li, X.S. et al. Large-Area Synthesis of High-Quality and Uniform Graphene Films on 
Copper Foils. Science 324, 1312-1314 (2009). 
21. Yu, Q.K. et al. Control and characterization of individual grains and grain boundaries in 
graphene grown by chemical vapour deposition. Nat. Mater. 10, 443-449 (2011). 
22. Nie, S. et al. Growth from below: bilayer graphene on copper by chemical vapor 
deposition. New J. Phys. 14, 093028 (2012). 
23. Wu, W. et al. Wafer-scale synthesis of graphene by chemical vapor deposition and its 
application in hydrogen sensing. Sensors and Actuators B-Chemical 150, 296-300 
(2010). 
24. Li, G.H. et al. Observation of Van Hove singularities in twisted graphene layers. Nat. 
Phys. 6, 109-113 (2010). 
25. Vlassiouk, I. et al. Role of Hydrogen in Chemical Vapor Deposition Growth of Large 
Single-Crystal Graphene. ACS Nano 5, 6069-6076 (2011). 
26. Calizo, I., Bejenari, I., Rahman, M., Liu, G. & Balandin, A.A. Ultraviolet Raman 
microscopy of single and multilayer graphene. J. Appl. Phys. 106, 043509 (2009). 
27. Bao, J.M., Bragas, A.V., Furdyna, J.K. & Merlin, R. Control of spin dynamics with laser 
pulses: Generation of entangled states of donor-bound electrons in a Cd1-xMnxTe 
quantum well. Phys. Rev. B 71, 045314 (2005). 
28. Venezuela, P., Lazzeri, M. & Mauri, F. Theory of double-resonant Raman spectra in 
graphene: Intensity and line shape of defect-induced and two-phonon bands. Phys. Rev. B 
84, 035433 (2011). 
 
Acknowledgements:  
The work at Sandia National Laboratories was supported by the Office of Basic Energy 
Sciences, Division of Materials Sciences and Engineering of the US DOE under contract No. 
DE-AC04-94AL85000. SSP, JMB, WW and SRX acknowledge support from the Delta 
Electronics Foundation and UH CAM. JMB acknowledges support from the Robert A Welch 
Foundation (E-1728) and the National Science Foundation (DMR-0907336, ECCS-1240510). 
 
17 
 
Figure captions: 
Figure 1. Characterizations of rotationally twisted bilayer graphene (tBLG) by scanning electron 
microscopy (SEM) and Raman scattering. (a–d) SEM pictures of representative tBLG hexagons 
with various rotation angles. Scale bars: 5 μm. (e–i) SEM and Raman characterizations of a ~13º 
tBLG. (e): SEM image. The blue and white dots indicate the regions where Raman was 
measured for monolayer and bilayer graphene. The red dashed line delineates the ~13º tBLG 
from AB-stacking bilayer domain. (f): Raman mapping with a 532-nm laser line. (g): Raman 
spectra of monolayer (1L, black curve) and bilayer (2L, red curve) graphene illustrating the G-
line resonance under 532-nm laser excitation. (h) Dependence of a new Raman peak (folded 
phonon) on laser excitation energy. The spectra are normalized relative to the G-line of single-
layer graphene. (i) Raman intensity ratios of bilayer to single-layer for G-line (blue) and 2D-
band (red) as a function of laser excitation energy.  
 
Figure 2. Raman spectra of tBLG with large rotation angles. (a): Raman spectra from single-
layer (1L) and bilayer (2L) regions of a ~25.6º tBLG at 638-nm laser excitation. Inset: SEM 
image. (b): Raman spectra from monolayer graphene (1L, black) and bilayer graphene regions in 
a ~26.6º (red) and a ~15.9º (blue) tBLG under 532-nm laser excitation. Inset: corresponding 
SEM images. (c): Bilayer to single-layer Raman intensity ratios for G-line (black) and 2D-band 
(red) of the ~25.6º tBLG under different laser excitation energies. (d) Raman spectra from 
single-layer (black) and bilayer (red) regions of the ~25.6º tBLG under 364-nm laser excitation.  
 
Figure 3. (a–c): 364-nm UV Raman spectra of the ~15.9º (black) tBLG and five other tBLGs 
with rotation angles greater than 21°. (a): Raman spectra indicating G-line resonance with an 
enhancement of 5 to 20 times for large-angle tBLGs. There is no G-line resonance for the ~15.9º 
tBLG. (b): Close-up view of (a) near 2D-band. (c): Close-up view of (a) near 1400 cm
-1
. (d): 
Observed phonon frequency as a function of rotation angle.  
 
Figure 4. Estimation of folded phonon frequency from TO dispersion of single-layer graphene. 
(a) Relationship between the observed frequencies of folded phonons and TO dispersion curve 
along Γ-K direction. (b) Reduced Brillouin zone (rBZ) and reciprocal lattices of 13.2º twisted 
bilayer graphene in the BZ of single-layer graphene. The phonon marked by A can be excited by 
Raman with the exchange of crystal momentum Γ-A.  
.  
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Figure 5. Schematic of 2D-band double-resonance Raman paths enabled by the band structure of 
a bilayer graphene superlattice. Only Raman contributions from inner loop and transitions 
involving electrons are shown. Two degenerate Raman paths associated with the optical 
transitions between two inner branches (a) and two outer branches (b) of Dirac bands.  
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Fig. 3. 
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Fig. 4. 
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Fig. 5.  
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